Abstract We propose a scheme for preparation of large-scale entangled GHZ states and W states with neutral Rydberg atoms. The scheme mainly depends on Rydberg antiblockade effect, i.e., as the Rydberg-Rydberg-interaction (RRI) strength and the detuning between the atom transition frequency and the classical laser frequency satisfies some certain conditions, the effective Rabi oscillation between the two ground states and the two excitation Rydberg states would be generated. The prominent advantage is that both two-multiparticle GHZ states and two-multiparticle W states can be fused in this model, especially the success probability for fusion of GHZ states can reach unit. In addition, the imperfections induced by the spontaneous emission is also discussed through numerical simulation.
Introduction
Due to the promise of applications and rapid experimental progress, the field of quantum information has attracted extensive research. The most advanced experimental demonstrations include trapped ions [1] , linear optics [2] , superconductors [3, 4] and quantum dots in semiconductors [5, 6, 7] . As a promising candidate for the quantum computer, neutral atom displays another promising approach due to its long-lived encoding of quantum information in atomic hyperfine states and the possibility of manipulating.
When excited to Rydberg state, neutral atom exhibit large dipole moments, which leads to strong and long-range van der Waals or dipole-dipole interactions. The strong and long-range interaction between the excited Rydberg atoms can give rise to the Rydberg blockade that suppress resonant optical excitation of multiple Rydberg atoms [8, 9, 10, 11] . The Rydberg blockade is based on the assumption that one excited atom causes sufficiently large energy shifts of Rydberg states and leads the neighboring atoms away from resonance with laser field and fully blocks its excitation. It is predicted in ref [12] and locally observed in laser cooled atomic systems prepared in magneto-optical traps, both for van der Waals [13, 14, 15] and dipole-dipole interactions [9, 16] . Recently, the phenomenon of Rydberg blockade with two Rydberg atoms located about 4 µm [17] and 10 µm [18] away, respectively, have been observed in experiments. The Rydberg blockade offers many possibilities for realization of the neutral-atom-based quantum information processing (QIP) tasks [19, 20, 21, 22] and observation of the multiatom effects [23, 24, 25, 26, 27, 28, 29] .
When the Rydberg interaction strengths that are too weak to yield the blockade mechanism, yet too strong to be ignored when the atoms are excited with resonant laser fields. The atoms can be excited to the collective Rydberg states [8] . In addition, when the detuning between the atom transition frequency and the frequency of a classical laser satisfies some conditions with Rydberg interaction strength, the atoms also can be excited to the collective Rydberg states. Hence, the Rydberg antiblockade regime can be generated. This case has theoretically been studied and used for preparation of entanglement and logic gate [30, 31, 32, 33, 34, 35, 36] .
As two of the most basic entangled states, the Greenberger-Horne-Zeilinger (GHZ) states [37] and the W states [38, 39] show great advantage and play an important role in QIP. These two kinds of entangled states can perform different tasks of quantum information theory [40, 41, 42] . Therefor, the preparation of entangled state is particularly important. However, it is difficult to create multipartite entangled states in a realistic situation because the dynamics becomes more complex as the number of particles increases. Thus simple and efficient schemes to prepare large-scale multipartite entangled states are very important. In recent works, quantum state fusion has been put forward to realize large-size multipartite entangled states [43, 44, 45, 46, 47] , i.e., one can get a larger entangled state from two entangled states on the condition that one qubit of each entangled states is sent to the fusion operation. Such as, Ozdemir et al. used a simple optical fusion gate to get an (m + n − 2)-qubit W states from an m-qubit W states and an n-qubit W states [43] . Nevertheless, most schemes are just for fusion W states.
In this paper, we consider the implementation of entangled states fusion with Rydberg atoms confined in spatially separated dipole traps subject to the Rydberg antiblockade effect. We derive the effective Hamiliton of a twoatoms computational subspace and show how to tailor it in order to implement the specific evolution. Then entangled states fusion with Rydberg atoms can be implemented using this specific evolution. Our scheme has the following characteristics: (1)Adopting neutral atoms as qubits, the quanutm information is encoded into the stable hyperfine ground states and distant atoms interact with each other through the RRI. (2) Only one RRI term is produced and thus the asymmetric Rydberg coupling strengths are avoided. (3) Not only two multiparticle W states can be fused but also two multiparticle GHZ states can be fused in this model, especially the success probability for fusion of GHZ states can reach unit.
The rest of the paper is organized as follows. In Sec. 2, we derive the effective Hamiliton of two Rydberg. In Sec. 3 and Sec. 4, we describe how to fuse two multiparticle GHZ states and multiparticle W states, respectively. In Sec. 5, a discussion is given. At last, a summary is given in Sec. 6.
Basic model
We consider two identical 87 Rb atoms individually trapped in two tightly focused optical tweezers [48, 49] , with a typical separation of 5-10 microns, and the relevant configuration of atomic level is illustrated in Fig 1, each one has two ground states |0 and |1 and a Rydberg state |r , where |0 and |1 corresponds to atomic levels |F = 1, M = 1 and |F = 2, M = 2 of 5S 1/2 manifold, and the Rydberg state |r = |F = 3, M = 3 of 58D 3/2 directly coupled to the ground states by a single exciting laser. The transition |0(1) ↔ |r is then driven by a nonresonant classical laser field with Rabi frequencies Ω a(b) , frequency ω a(b) , and detuning ∆ a(b) . As is well known, Rydberg atoms exhibit huge dipole moments which lead to large dipole-dipole interactions. We shall assume that the dipole-dipole interaction manifests it-self only when both of atoms are in their Rydberg states. In other words, we assumeÛ rr = ∆ rr |rr rr| and ∆ rr is the RRI strength which mainly depends on the principal quantum numbers of the Rydberg atoms and the distance between the Rydberg atoms. Thus, the Hamiltonian of the whole system can be written asĤ
I p denotes the 3 × 3 identity matrix (p = 1, 2). After movingĤ to the interaction picture with respect to Hamiltonian p=1,2 j=0,1,r ω j |j p j|, we can getĤ
andÛ rr remains unchanged. To see clearly the role of the RRI term, we rewrite the full Hamiltonian with the basis {|00 , |01 , |0r , |10 , |11 , |1r , |r0 , |r1 , |rr } and move to the rotation frame with respect toÛ rr . Thus, the full Hamiltonian is transformed tô
In the following, we assume
. Note that, whether ω 0 and ω 1 are equal depend on ω a and ω b . In fact, ω a and ω b are not equal. So the states |0 and |1 are not degenerate. To achieve the antiblockade regime, we here adjust the classical field and RRI strength to make the parameters satisfy 2∆ = ∆ rr . Then, the large detuned condition ∆ ≫ Ω/2 would induce the effective Hamiltonian [50] 
Because the initial state is among the basis {|00 , |01 , |10 , |11 }, the states |0r , |r0 , |1r and |r1 have no energy exchange with the other states, after we reject these states, the Eq. (5) becomeŝ
From Eq. (6) we can see that the effective Rabi oscillation between the two ground states and the two excited Rydberg states are generated, which is out of the Rydberg blockade regime. For the initial states |00 , |01 , |10 and |11 , the roles of the effective evolution operator e −iĤ eff t can be illustrated as follows:
with
After choosing the parameters satisfy Ω 2 t/∆ = π, Eq. (7) can be simplified to
in this process, we ignore the global phase factor e −i π 4 . For the result of Eq. (9), one can find some interesting things, such as preparation of entangle states, i.e., the entanglement between |00 and |11 or |01 and |10 .
Fusing atomic GHZ states
Now, we introduce how to implement an (m + n − 2)-qubit GHZ states fusion scheme from an m-qubits GHZ states and an n-qubits GHZ states based on Rydberg atoms, where m ≥ 3 and n ≥ 3. The entangled GHZ states of Alice and Bob are
Here |(m − 1) 0 denotes the (m − 1) atoms remain |0 . To start the fusion process, the two atoms, respectively, belong to Alice and Bob, will be sent into the third party Claire who receives two atoms with Rydberg antiblockade effect to merge and inform them when the task is successful. So the initial state of the whole system is
The far-off-resonant interaction between the classical laser field and the two atoms will lead the initial states evolve to the following state(according the result in Eq. (7))
Then the two atoms will be detected by Claire. There are four possible detection results for the fusion mechanism. If the detection result is |00 , the remaining atoms are in the following state
There are only relative phase differences between the state |ψ 2 and the standard GHZ states. After Alice or Bob performs the one-qubit phase gate on one of the atoms that she or he has, i.e., {|0 → |0 , |1 → i|1 }, the state in Eq. (13) will become an m + n − 2-qubit GHZ states and the corresponding success probability is 1/4. If the detection result is |11 , the systemic state will collapse to
similarly, we also can obtain an (m + n − 2)-qubit GHZ states if Alice or Bob performs similar operation. If the detection result is |01 or |10 , the systemic state will collapse to
or
respectively. Also the states in Eqs (15, 16) can be transformed into a standard GHZ states by one-qubit phase gate on any one of the (m + n − 2) atoms. Hence, the total success probability for fusion an m-qubit GHZ states and an n-qubit GHZ state can reach unit.
Fusing atomic W states
Now, we introduce how to implement an (m + n − 2)-qubit atomic W states fusion scheme. The atomic entangled W states of Alice and Bob are
To start the fusion process, the two atoms (atom1 and atom 2) will be sent into the third party Claire. So the initial state of the whole system is
The far-off-resonant interaction between the classical laser field and the two atoms will lead the initial states evolve to the following state
Then Claire will detect the states of two atoms and inform Alice and Bob whether the task is successful. There are four possible detection results from Eq. (19) . If the detection result is |10 , the remaining atoms are in the following state
After Bob performs the one-qubit phase gate on all the atoms that he has, i.e., {|0 → |0 , |1 → i|1 }, the state in Eqs. (20) will become
where we have ignored the global phase factor i and used
is a standard atomic W states, i.e., |W n+m−2 , and the success probability obtaining the |φ ′ 2 state is (n + m − 2)/(2mn).
If the detection result is |01 , the systemic state becomes
After Alice performs the one-qubit phase gate on all the atoms that she has, the state in Eq. (22) will become Eq. (21), and the success probability is (n + m − 2)/(2mn). However, the cases of |00 and |11 are failure. Thus the total success probability for the fusion process is
Discussion
In the above, the dissipation has not been taken into account. Thus, we investigate the influence of spontaneous emission on this method. When decoherence effects are taken into account and under the assumptions that the decay channels are independent, the master equation of the whole system can be expressed by the Lindblad form [51, 52] 
where ρ is the density matrix of the whole system and γ denotes the spontaneous emission rate,
2 r| are Lindblad operators that describe the dissipative processes. For simplicity, here we have assumed the Rydberg state |r has an equal spontaneous emission rate for the two ground states |0 and |1 . To check the performance, the fidelity is defined as ψ ideal |ρ(t)|ψ ideal . In Fig. 2 , we choose |00 act as initial state and
(|00 + i|11 ) act as final state. One can see that the curves plotted with the full Hamiltonian(without γ) and effective Hamiltonian(without γ), respectively, fit well with each other, which proves the effective Hamiltonian is valid in this paper. In Fig. 3 , we use the initial state |00 corresponding final state
(|00 + i|11 ) to check the performance. From Fig. 3 , we can see that the fidelity is very high at the optimal time and the spontaneous emission lead to the fidelity decrease. For the initial states |01 , |10 and |11 , decoherence effects is the same to each other, this is because the evolution of |00 to
(|00 + i|11 ) must through the intermediate state |rr , the states |0r , |r0 , |1r and |r1 are not exist due to the large detuning. From another perspective, if we change |0 to |1 or |1 to |0 on each of two atoms, the effective Hamilton remain unchanged. Therefor, the decoherence effects for four final states are considered the same.
For the GHZ states fusion, due to the fidelity of the states
(|10 + i|01 ) and
(|11 + i|00 ) are considered equal to each other, so we assume it equal to F ′ . Hence, the final fidelity (Eq. (12) as final state) can be represented as 
In the fusion process, single-qubit gates imperfections can be quite small, leading to fidelity errors O(10 −4 ) [32] . Hence, we have ignored the influence of onequbit phase gate in this schemes, i.e., F GHZ = F W ≃ F ′ . The robustness against operational imperfection is also a main factor for the feasibility of the schemes. In the above numerical simulations, for simplicity we only consider the case Ω a = Ω b = Ω. So a numerical simulation is performed to check the fidelity by varying error parameters of the mismatch among the Rabi frequency of classical laser field and the interaction time through solving the master equation numerically with the full Hamiltonian. We define δΩ = Ωa−Ω b Ω b and Fig. 3 The effect of decoherence induced by spontaneous emission of Rydberg state as well as evolution time t for the evolution of initial states |00 . The parameters are chosen as
, t 0 is the optimal evolution time. The fidelity varies the variations in different parameters are shown in Fig. 4 and Fig. 5 . In Fig. 4 , we plot the fidelity with respect to γ/Ω b as well as δΩ at the optimal time ∆π Ω 2 , where we have set Ω b = 1, ∆ a = ∆ b = ∆ = 40, ∆ rr = 2∆ = 80. In Fig. 5 , we plot the fidelity with respect to δt as well as δΩ when Ω b = 1, ∆ a = ∆ b = ∆ = 40, ∆ rr = 2∆ = 80 and γ = 0. As shown in the figures, the schemes is a little sensitive to the variation in the laser Rabi frequency and the interaction time. But that is not a serious problem to realize the schemes because the laser Rabi frequency and the interaction time can be precisely controlled in experiment. In Ref. [48, 49] , the parameters are chosen as follows: RRI strength ∆ rr ≃ 2 × 10 3 MHz, Rydberg state decay rate γ = 10 kHz, it is reasonable if we set ∆ a = ∆ b = 10 3 MHz, and Ω a = Ω b = 50 MHz. By substituting these values into the master equation, the fidelities F ′ = 99.4% for fusion of GHZ states and W states could be achieved.
Summary
In summary, we have proposed a method to fuse entangled GHZ states and W states based on neutral Rydberg atoms. This scheme works well in the regime where the Rydberg interaction holds a comparable strength to the detuning. Final numerical simulation based on one group of experiment parameters shows that our scheme could be feasible under current technology and have a high fidelity. We believe our work will be useful for the experimental realization of quantum information with neutral atoms in the near future. , t is actual time of evolution and t 0 is the optimal evolution time. The other parameters are chosen as Ω b = 1, ∆a = ∆ b = ∆ = 40, ∆rr = 2∆ = 80 and γ = 0.
